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Abstract 
Climate change will impact soil properties such as soil moisture, organic carbon and 
temperature and changes in these properties will influence the sorption, biodeg-
radation and leaching of trace organic contaminants to groundwater. In this study, 
we conducted a modeling case study to evaluate atrazine and estrone transport in 
the subsurface under current and future climate conditions at a field site in central 
Nebraska. According to the modeling results, in the future, enhanced evapotrans-
piration and increased average air temperature may cause drier soil conditions, 
which consequently reduces the biodegradation of atrazine and estrone in the water 
phase. On the other hand, greater transpiration rates lead to greater root solute 
uptake which may decrease the concentration of atrazine and estrone in the soil 
profile. Another consequence of future climate is that the infiltration and leaching 
rates for both atrazine and estrone may be lower under future climate scenarios. 
Reduced infiltration of trace organic compounds may indicate that lower trace or-
ganic concentrations in groundwater may occur under future climate scenarios. 
Keywords: Climate change, Subsurface transport, Trace organics, Groundwater, 
Agricultural production  
1. Introduction 
There is a strong dependence between global water sustainability 
and agriculture, as agricultural production accounts for nearly 70% 
of freshwater usage worldwide (The USGS Water Science School). In 
areas including the US Corn Belt, grasslands are being increasingly 
converted to soybean and corn production (Wright and Wimberly, 
2013) and the US is producing record high amounts of red meat and 
poultry (USDA ERS 2016). This increased agricultural intensification 
has coincided with increased chemical inputs necessary for crop and 
animal production such as pesticides, antimicrobials, and steroid hor-
mones. Although the fate and transport of nutrients derived from 
agricultural systems has attracted much attention, potential impacts 
due to climate and climate-induced land use changes on the fate, 
transport, and environmental health impacts of these trace level con-
stituents remain largely unexplored (Bloomfield et al., 2006). 
Atrazine and estrone are two trace organic compounds which have 
been related to health and environmental concerns. Atrazine has been 
a commonly used herbicide for decades and has been identified in 
groundwater (Kolpin et al., 2002; Spalding et al., 2003a) and in the 
source water used for drinking water by over 28 million US residents 
(Benotti et al., 2009). Exposure to atrazine reduces the maturation 
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process in frog oocytes and induces death in the first stages of em-
bryogenesis (Ji et al., 2016). Exposure to steroid hormones such as 
estrone have been demonstrated to lead to a number of documented 
health impacts including abnormal expression of reproductive char-
acteristics in aquatic organisms (Rose et al., 2013); abnormal develop-
ment of the gonads causing intersex fish (Tetreault et al., 2011; Vajda 
et al., 2011); and reduction of fish biomass (Hallgren et al., 2014). There 
is a critical need to understand the occurrence and behavior of these 
trace organic compounds in groundwater under scenarios of changing 
geochemical and hydrological regimes introduced by climate change. 
Currently, only a limited number of studies have explored the in-
fluence of climate change on organic contaminant transport in the 
environment. Prior modeling studies have demonstrated that some 
expected environmental changes, such as temperature increase, 
modification of precipitation patterns, and sea level rise, will lead to 
noticeable variations in the concentration and mobility of these con-
taminants in surface water (Delcour et al., 2015; Lamon et al., 2009; 
Valle et al., 2007). There is less information available regarding direct 
climate change impacts on contaminant fate in groundwater. Previous 
studies have proposed that climate change may affect trace organic 
fate in the subsurface through changes in seasonality and intensity of 
rainfall events and increases in temperature (Bloomfield et al., 2006; 
Steffens et al., 2015), and decreases in soil moisture and soil organic 
carbon (Falloon et al., 2006). 
In this study, we conducted a modeling study of a corn produc-
tion area in Central Nebraska to demonstrate the impacts of climate 
change on trace organic contaminant fate in the subsurface. We spe-
cifically evaluated the impact of current and predicted future climate 
conditions on the transport of the herbicide atrazine and estrone, a 
naturally produced steroid hormone present in cattle manure. 
2. Materials and methods 
2.1. Study area 
The study area was described previously (Akbariyeh et al., 2018). 
Briefly, the area was part of the Management System Evaluation Area 
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(MSEA) site in Nebraska, a 2.27 km2 site studied in the 1990s to evalu-
ate the impact of irrigation strategies on groundwater quality. Fig.1a 
shows the location of the MSEA site which belongs to the Central 
Platte Natural Resources District (CPNRD) (Schepers et al., 1995; Spald-
ing et al., 2001). At this location, the annual mean precipitation and 
temperature are 623 mm and 10 °C, respectively (McGuire and Kil-
patrick, 1998). During 1993–1996, nitrate-nitrogen (N) concentration 
and groundwater level were measured at the site using 41 multilevel 
samplers (Fig. 1b), and the N fertilizer application rates and yearly 
irrigation water were also monitored. We simulated atrazine and es-
trone fate under a center-pivot irrigated corn plot (CPC) at the MSEA 
site (Fig. 1b). 
The vadose zone of shallow aquifer in this area is mainly well-
drained sand and gravel. Although this aquifer is the major source of 
water for both irrigation and drinking, the groundwater was highly 
contaminated with atrazine as a result of intensive agricultural activi-
ties. Groundwater atrazine concentration within the contaminated area 
ranged 0.1–4 μg/L (University of Nebraska- Lincoln, 2000). 
2.2. Climate data 
We downscaled the climate data at a resolution of 24 × 24 km2 using 
the Weather Research and Forecasting (WRF) model (Skamarock et 
Fig. 1. Central Platte Nebraska’s Natural Resources Districts (CPNRD), (a) the loca-
tion of the MSEA site on NRD map, (b) demonstration site with four management 
fields and 41 multilevel samplers.  
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al., 2008). For more information about WRF model, see our previous 
work (Akbariyeh et al., 2019). In this study, we controlled and validated 
the WRF model using a set of data from 2006 to 2010 and predicted 
future climate from 2056 to 2060. Because WRF model has 119 nodes 
in both the vertical and horizontal directions, we used the coordi-
nates of nodes (latitude and longitude) to extract the points within 
the MSEA site. MSEA site future climatic parameters (i.e. precipitation 
and air temperature) were estimated as the average values of 4 nodes 
mostly adjacent to the site. 
2.3. Modeling approach 
2.3.1. Model setup 
We simulated water flow and solute transport including atrazine and 
estrone in a 2-m soil profile using Hydrus-1D. Simulations were per-
formed under both past (1993–1996) and future climate conditions 
(2057–2060) to compare the direct impact of climate change on the 
soil moisture content and the atrazine and estrone concentration dis-
tribution. The past simulation period was selected based on the avail-
ability of historical field measurement during this time period. The 
future simulation period was selected based on WRF model which 
predicted future climate from 2056 to 2060. The past and future simu-
lation length was kept same for the purpose of comparison. The most 
abundant soil type in the MSEA site, sandy soil, was defined for all 
simulations.   
2.3.2. Water flow governing equations 
Water flow was simulated through solving Richard’s equation: 
∂θ  =  ∂  [ K(h) ( ∂h +1)] – S                                  (1)                            ∂t     ∂z              ∂z
where, θ is the volumetric water content [L3/L3], h is the pressure head 
[L], t is time [T], z is the spatial coordinate [L], K(h) is the unsaturated 
hydraulic conductivity [L/T] (i.e., product of saturated hydraulic con-
ductivity Ks [L/T] and relative hydraulic conductivity, Kr, and S is a sink 
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term [1/T] accounting for water uptake by roots. The relationship be-
tween unsaturated hydraulic conductivity and water saturation was 
described by (Mualem, 1976; van Genuchten, 1980): 
K(h) = KsSle [1 – (1 – Se1/m)m]
2                               (2)
 
 Se =
 θ(h) – θr = [ 1 + |αh|n]-m                               (3) 
                                      θs – θr 
where, Se is effective water saturation [-], θs and θr are the saturated 
and residual water content [-], respectively, α [1/L], m, and n [-] are 
empirical parameters related to soil type where m = 1 – 1/n , and l is 
tortuosity coefficient [-] (assumed to be 0.5 (Mualem, 1976)). 
Water stress response function was used to describe the water up-
take by plant roots (i.e., S, in equation (1)) (Feddes et al., 1978): 
S(h) = α(h)Sp  ,     Sp = 
1  Tp                                (4) 
                                                                   Lz
where, α(h) is a soil water pressure head function (0 ≤ α ≤ 1) [-], and Sp 
is rate of potential water uptake [1/T], Tp is the rate of potential tran-
spiration [L/T], Lz is the root zone depth [L] (assumed to be 1 m (“Soil 
and Health Library,” 2016)). When water content was near saturation 
or pressure head was below the wilting point (Feddes et al., 1978), we 
considered that water uptake was zero. 
2.3.3. Solute transport governing equations 
In the simulation, atrazine and estrone were applied at the top of 
the soil profile. The governing equation used to simulate the solute 
transport in the variably saturated porous media assuming first order 
reaction was (Simunek et al., 2012): 
∂θc + ρ ∂s  =  ∂  (θDj ∂ck ) – ∂qc – μwθc – μsρs – Scr             (5)              ∂t         ∂t      ∂z         ∂xj       ∂z
where, c and s are the solute concentrations in liquid [M/L3] and 
solid phase [M/M], respectively, ρ is the soil bulk density [M/L3], Dj is 
the effective dispersion coefficient tensor [L2/T] for the liquid phase 
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(calculated using a scale-dependent empirical method (Neuman, 
1990) (Table 1)), q is the density of volumetric flux [L/T], μw and μs are 
first-order decay rate constants in liquid and solid phases [1/T], re-
spectively, S is the sink term [L3/L3/T] in the equation of water flow (eq. 
(1)), and cr is the concentration of the sink term [M/L3]. To simulate the 
sorption of atrazine to solid phase, we used a linear sorption isotherm 
model. Kd is the distribution coefficient [L3/M] which was calculated 
based on Koc of 2.204 [log l/kg] (i.e., partitioning coefficient of soil 
organic carbon-water (“GSI ENVIRONMENTAL INC.,” 2013)) and foc of 
0.1% (i.e., mass fraction of soil organic carbon content (Table 1)). foc 
value was measured in lab from soil samples collected from the field. 
Freundlich adsorption isotherm was defined for estrone with β equal 
to 0.51 according to experimental results. 
To simulate the root uptake of solute, root water uptake S was mul-
tiplied by the dissolved solute concentration (cr), when cr was lower 
than the maximum root solute concentration cmax. cmax was considered 
as 9 kg/m3 for atrazine (Roeth and Lavy, 1971) and 0.002 kg/m3 for 
estrone (Card et al., 2012). 
2.3.4. Initial and boundary conditions 
The model was simulated from April 1, 1993 to March 20, 1996 for 
the past climatic condition (base model) and from April 1, 2057 to 
March 20, 2060 for the future climatic condition. The initial pressure 
head along the soil profile was determined by assuming a hydrostatic 
Table 1. Soil properties. 
Parameter  Soil 
Texture class  Sand 
foc (%)  0.1 
Bulk density (kg m–3) a  1600 
Residual water content, θr  0.045 
Saturated water content, θs  0.43 
Empirical parameter, α (m–1)  14.5 
Empirical parameter, n  2.68 
Saturated hydraulic conductivity, Ks (m d–1)  7.128 
Tortuosity coefficient, l  0.5 
Longitudinal dispersivity, DL (m)  1.16 
a. http://www.agriinfo.in/?page=topic&superid=4&topicid=271     
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equilibrium in the unsaturated zone based on the initial groundwater 
level. For the past climatic condition, the initial groundwater level was 
gathered from the groundwater level monitoring data in the field 
on April 1, 1993. The initial groundwater level for the future climatic 
condition was based on the predicted groundwater level on April 
1, 2057 as described in (Akbariyeh et al., 2019). That work indicated 
that groundwater level will gradually decrease at an average rate of 
20 cm/y from 2027 to 2060. The initial atrazine concentration in the 
subsurface was considered as 0.8 mg/m3 based on the reported value 
in Spalding et al. (2003a) and the initial estrone concentration was 
assumed as zero, for both past and future conditions. 
An atmospheric boundary condition with surface runoff was applied 
at the soil surface. When precipitation rate was higher than infiltration 
rate of water (i.e., saturation conditions in the soil), water ponding was 
not allowed at soil surface. During 1993–1996, daily precipitation and 
potential evapotranspiration data (ET for reference crop, alfalfa) were 
collected from Shelton weather station at the High Plane Regional 
Climate Center (HPRCC, https://hprcc.unl.edu/stationtool.php). For 
the past model, the amount of total yearly irrigation was applied at a 
constant daily rate from late June to end of September (i.e., through-
out the irrigation season) (Table 2) (Spalding et al., 2001). We assumed 
that corn will still be cultivated in that area because of lack of data 
regarding future land use. Future irrigation application rates (Table 2) 
were decided following an approach typically used in the past, where 
irrigation rate was considered as proportional to the precipitation 
amount in the growing season. 
Table 2 Modeling parameters. 
     Field Data 
  Solute Transport  Irrigation [mm]c 
Root Dist. (m)    Atrazinea  Estroneb  Past   Future 
Max. root d  1  Kd (m3mg–1)  1.6 × 10–10  1.6 × 10–8  1993  79  2057  95 
Max. intensity d  0.3  k (d–1)  0.0770  0.0228  1994  107  2058  85 
  C0 (m3mg–1)  0.8  0  1995  307  2059  100 
a. Atrazine properties were retrieved from literature (Spalding et al., 2003b). 
b. Estrone properties were examined in lab experiments. 
c. Irrigation application rates were retrieved from Spalding et al. (2001).   
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Under future climate data, daily precipitation values were adopted 
from the predicted climate data in WRF model. Hargreaves equation 
was used to calculate potential evapotranspiration (ETp) (Hargreaves, 
1994): 
ETp = 0.0023 Ra(Tm +17.8) TR½                               (6) 
where Ra is extraterrestrial radiation in the same unit as ETp [J m–2s–1 
or mm d–1], Tm is the mean air temperature [°C], and TR is the range 
of temperature between the maximum and minimum air tempera-
ture [°C]. Hargreaves equation estimates ETp using only temperature 
and latitude information, which was widely recognized as the proper 
method to calculate ETp when lacking data to use in Penman-Monteith 
equation (Gavilán et al., 2006). Bear’s law was applied to differenti-
ate the potential evaporation and transpiration (Šejna and Šimůnek, 
2007), by using the leaf area index (LAI) of the US-Ne2 site, which is 
another research field belonging to the University of Nebraska with 
soybean rotation and irrigated maize (“AmeriFlux Site and Data Ex-
ploration System,” 2016). 
At the bottom of the soil profile, free drainage boundary condition 
was defined, while groundwater table was assumed to be at deeper 
than 2 m beneath the ground surface. The third type (i.e., Cauchy type) 
concentration boundary condition was specified for solute transport 
at the surface boundary to prescribe fertilizer application. Based on 
the historical records of herbicides loading to shallow groundwater 
beneath the MSEA site (Spalding et al., 2003b), 1.68 kg/ha atrazine 
was applied on top between April 29th to May 20th of each year. For 
estrone a continuous concentration with half-year cycles of 0.75 and 
1.5 mg/m3 was applied each year at the top boundary (Arnon et al., 
2008). At the bottom of the profile, zero concentration flux boundary 
condition was used. 
2.3.5. Parameter sensitivity analysis 
Parameter sensitivity analysis was performed to evaluate the impacts 
of evapotranspiration, irrigation rate, atrazine and estrone application 
rates, and sorption and reaction coefficients on the transport and ac-
cumulation of atrazine and estrone. 
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Evapotranspiration is one of the significant atmospheric param-
eters which was predicted to rise in future and soil will be drying out, 
consequently. To further investigate the impacts of higher evapotrans-
piration rates, we evaluate the impacts of ETp on the transport and 
accumulation of atrazine and estrone by increasing the ETp values to 
be 1.5- and 2-times higher than the predicted value in future climate 
scenario. 
In the base future model, the irrigation application rate was de-
fined with respect to the ratio of precipitation and irrigation during 
the growing season, in a similar approach as the applied in the past. 
With the enhanced evapotranspiration rate and drier soil condition in 
future, there is a high possibility that irrigation will be increased cor-
respondingly. Furthermore, irrigation applications could be increased 
in future to improve agricultural productivity. Therefore, we simulated 
the future model with 2- and 3-times higher irrigation as alternative 
over-irrigation scenarios. 
In addition to irrigation application rates, the concentration appli-
cation rates will most likely change in future to either accommodate 
with continued population growth and increased food demand, or 
with water sustainability management plans to improve water quality. 
To reflect each of these scenarios, we considered scenarios 33% less 
and 33% more concentration applications at the soil surface for both 
atrazine and estrone. 
We also evaluated the effects of uncertainty in contaminant proper-
ties in terms of μw (first order decay rate) and kd (adsorption isotherm 
coefficient). We simulated scenarios with 50% of defined μw and kd 
values as well as 1.5 times higher μw and kd values for both atrazine 
and estrone. 
3. Results and discussion 
3.1. Comparison of future and past climate conditions 
Fig. 2 compares the amount of monthly precipitation and ETp between 
the past and future. Total precipitation during 1993–1996 was 2040 
mm, which was lower compared to the total precipitation of 2205 mm 
during 2057–2060. On average, 84% of total precipitation in the past 
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occurred during growing seasons (Apr. 21st to Dec. 1st) while 77% of 
total future precipitation was predicted to happen during growing 
seasons. Total ETp was 4045 mm during the simulated period in the 
past which was slightly greater than the calculated ETp (3548 mm) in 
the future. 
Average air temperature was about 10 °C with a minimum of –29 
°C and a maximum of 40 °C during 1993–1996. Future mean air tem-
perature increases to about 15 °C with a minimum and a maximum 
of –22 °C and 38 °C, respectively. Higher mean air temperature may 
enhance the volatilization flux of pesticides (Ma et al., 2004; Ma and 
Cao, 2010). For instance, when the mean air temperature increased 
1 °C, the mean volatilization flux of organochlorine pesticides from 
soils increased 8% (Komprda et al., 2013). In a future climate scenario, 
Fig. 2. Monthly (a) precipitation and (b) ETp from 4/1/1993 to 3/20/1996 (past) and 
4/1/2057 to 3/20/2060 (future). 
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higher temperatures may enhance the volatilization of atrazine from 
agricultural soils. 
Higher mean air temperature may increase soil temperature which 
influences the sorption of atrazine and hormones in the subsurface. As 
the temperature increases, atrazine and testosterone experience less 
attachment to soil particles (Qi and Zhang, 2016; Urena-Amate et al., 
2005). For instance, Freundlich sorption coefficients for testosterone in 
clay soil decreased from 196 [(ng/ kg)(ng/L)-n] at 4 °C to 94 [(ng/kg)
(ng/L)-n] at 35 °C (Qi and Zhang, 2016). Similarly, when temperature 
increased from 10 °C to 40 °C, atrazine showed a decreased affinity for 
the active sites in kerolite (Urena-Amate et al., 2005). Because climate 
change will promote higher soil temperatures, the sorption of atrazine 
and hormones in a future climate scenario may be decreased. 
Higher temperatures may accelerate microbial degradation of pes-
ticides at the surface soil and subsoil (Caracciolo et al., 2001; Kookana 
et al., 2010). For instance, the biodegradation rate of atrazine in a 
sandy-loam soil collected at the surface (0–20 cm) increased from 
0.015 d–1 to 0.057 d–1 when temperature increased from 5 °C to 35 °C, 
respectively (Dong and Sun, 2016). Similar behavior was observed 
for estrogen hormones. The biodegradation rate of 17β-estradiol in 
a loam soil increased from 0.21 d–1 to 0.52 d–1 when temperature in-
creased from 4 °C to 30 °C, respectively (Colucci et al., 2001). Taken 
together, in a future climate scenario, increases of mean air tempera-
ture and subsequently, soil temperature, may decrease the sorption of 
atrazine and estrone, but enhance the volatilization and biodegrada-
tion of these trace organic compounds.  
3.2. Water flux and soil moisture content 
In Fig. 3a, the actual evapotranspiration (ETa) rate under the future 
climate scenario is compared to the past. Overall, the total actual ETa 
during 2057–2060 (from Hydrus simulation results), was 1500 mm, 
which was higher than total ETa of 1400 mm during 1993–1996. 
Enhanced ETa can cause drier soil conditions within the root zone, 
which consequently influences the biodegradation of atrazine and its 
metabolites deethylatrazine (DEA) and deisopropylatrazine (DIA), by 
impacting their residence time and half-lives (Dong and Sun, 2016; 
Sonon and Schwab, 2004). For example, the biodegradation products 
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Fig. 3. (a) ETa rates, (b) monthly infiltration rates.      
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of atrazine, DEA and DIA, were formed in a soil column with ~40% soil 
moisture content, but not in a soil column with ~70% soil moisture 
content due to decreased residence time (Sonon and Schwab, 2004). 
On the contrary, atrazine half-life increased from 8 d to 16 d when 
the soil moisture decreased from 25% to 5%, respectively (Barrios et 
al., 2019). In a future climate scenario, drier soils may affect biodeg-
radation of pesticides by increasing residence time, limiting microbial 
activities, and chemical availability. 
On the other hand, greater transpiration rate means greater root 
solute uptake which may decrease the concentration of atrazine and 
estrone in the soil profile. Uptake of pesticides has been reported 
for switchgrass (Albright and Coats, 2013; Lin et al., 2008; Moeder 
et al., 2017), poplar trees (Chang et al., 2005), and rice seedlings (Su 
and Zhu, 2006). In the case of hormones, uptake has been reported 
for wetland macrophytes, poplar trees, leafy vegetables, and maize 
(Bircher et al., 2015; Card et al., 2013, 2012; Shargil et al., 2016). 
3.3. Concentration of atrazine and estrone 
The amount of atrazine and estrone in the soil profile depended on 
root solute uptake, solute leaching rate, biodegradation rate, and 
surface loading rate. The temperature sensitivity of biodegradation 
rate was not considered in the model simulation. For comparison 
purposes, equal masses of contaminants were applied at the ground 
surface for past and future scenarios. 
3.3.1. Atrazine 
As shown in Fig. 4a, temporal changes of total atrazine mass (both 
dissolved and sorbed mass) in the soil profile demonstrated higher 
amounts under the past climatic conditions. According to Fig. 4a, the 
mass of atrazine in the soil increased during its application period 
(between April 29th to May 20th of each year) and decreased during 
the other period of the year. In general, the total mass of atrazine was 
lower in the profile under the future climate scenario. Fig. 4b shows 
the mean concentration of atrazine in the dissolved phase only, which 
also followed a similar trend to the total mass of atrazine in the profile. 
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Fig. 4. Atrazine, (a) total mass in the entire soil profile in equilibrium phases, includ-
ing sorbed, (b) mean concentration in the soil profile (dissolved phase). 
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According to Fig. 3b, a similar pattern can be seen in the infiltra-
tion rates between the past and future models. The average infiltra-
tion rate under the past climate data was about 0.08 m/d, which was 
higher compared to 0.07 m/d infiltration rate under the future climate 
scenario. This was consistent with the average unsaturated hydraulic 
conductivity of the profile (the average value in the entire soil pro-
file and in all time), which was found almost two times higher in the 
past model (0.0014 m/d) than in the future model (0.0008 m/d). The 
difference in infiltration resulted in different rates of mass flux. Total 
atrazine flux out from the bottom of the profile was about 6 mg/m2 
higher under the past climate condition than the future climate condi-
tion, which showed that atrazine leaching rate decreased in the future 
climatic condition. Similarly, previous studies have reported that the 
interaction between changes in precipitation (i.e., higher infiltration 
rates) and temperature (i.e., enhanced degradation) due to climate 
change conditions resulted in a decrease in pesticide concentrations 
in the leachate (Barrios et al., 2019; Steffens et al., 2015). 
3.3.2. Estrone 
As shown in Fig. 5a the amount of estrone in the profile (both dis-
solved and sorbed mass) was increasing during the simulation period 
under both past and future climate conditions. Estrone was applied 
continuously throughout the simulation period. Due to the root solute 
uptake, the concentration was dropping during the growing season 
but the average amount of estrone have steadily risen. However, the 
amount of estrone was generally lower under future climate scenario, 
which was due to increased ETa rate and decreased infiltration rate. 
According to the estrone concentration profile on selected days (i.e. 
184th, 366th, and 914th after the start of the simulation) (Fig. 5c), 
estrone only reached about 0.5 m from the ground surface, less than 
10 cm deeper in the past than in the future, due to higher infiltra-
tion rates in the past. The much lower leaching rate of estrone than 
atrazine was due to higher sorption onto soil surfaces; hormones are 
highly sorbed (Casey et al., 2005, 2003; Lee et al., 2003). As demon-
strated in Fig. 5b, the mean concentration of estrone in the dissolved 
phase (Fig. 5b)was only about 2% of the total mass (Fig. 5a) in the 
profile. Because estrone never reached the bottom of boundary during 
the simulation period, water and mass flux at the bottom boundary 
did not have as much influence on estrone as on atrazine. 
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Fig. 5. Estrone (a) total mass in the soil profile in equilibrium phases, including 
sorbed, (b) mean concentration in the soil profile (dissolved phase), and (c) concen-
tration profile on days 184th, 366th, and 914th after simulation started.   
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Overall, the leaching rate of estrone in the profile was found con-
siderably lower than atrazine. The leaching rate was higher under past 
climate condition compared to the future climate for both atrazine 
and estrone. 
3.4. Uncertainties due to climatic conditions, application rates, 
and properties of contaminants 
Increased irrigation rate did not influence the atrazine concentration 
considerably in the profile (Fig. 6a); however, estrone concentration 
raised by 8% and 20% with 2- and 3-times higher irrigation, respec-
tively (Fig. 6b). For atrazine, the concentration is applied prior to the 
growing season (between April 29th to May 20th of each year). There-
fore, the total mass of atrazine was independent of the irrigation rates 
and mainly depended on the precipitation amounts. For estrone, the 
concentration was continuously applied at the soil surface. Accord-
ingly, the greater infiltration rate caused by doubling and tripling the 
irrigation rates during the growing season increased the total mass 
of estrone in the field. 
The average mass of atrazine and estrone in the soil profile in-
creased by 34% and 24%, respectively, as a result of 33% higher con-
centration application. However, 33% less application rate reduced the 
atrazine concentration to three-times and estrogen concentration to 
two-times lesser values (Fig. 6a and b). The impact of irrigation on the 
accumulation of atrazine and estrone could be of great importance 
to future water management strategies. 
Total mass of atrazine and estrone were found to decrease in the 
soil profile when increasing the ETp, which is mainly due to reduced 
surface solute flux entering the system (Fig. 6a and b). Surface flux 
of estrone dropped by 10% and 16% for 1.5- and 2-times higher ETp, 
respectively. On the contrary, mass of atrazine increased in the soil 
during the atrazine application period in 2059 (Fig. 6a). Looking at 
the modeling results, it was found that the precipitation amount in 
this period is the lowest compared with other years. With increasing 
the ETp, actual evaporation raised during the whole simulation period, 
however, the actual transpiration rate was found to be decreasing due 
to very dried soil condition during the atrazine application period in 
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Fig. 6. Amount of (a) atrazine and (b) estrone in the soil profile including dissolved 
and sorbed phases under different scenarios. mw represents the first-order decay 
rate constant for dissolved phase and kd is adsorption isotherm coefficient. 
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2059. The combined effects of low precipitation and high evaporation 
rate resulted in a low root atrazine uptake which caused greater mass 
of atrazine retained within the soil. 
Half of decay rate resulted in 63% higher atrazine mass in the soil 
while 1.5-times higher decay rate lowered the mass by 43%. Changing 
the decay rate for estrone had the minimum effect on its mass, since 
estrone has a very small reaction rate constant. Fig. 6 represents the 
amounts of atrazine and estrone in the soil profile including dissolved 
and sorbed phases. Therefore, half of the adsorption coefficient de-
creased the mass of atrazine and estrone by 55% and 30%, respec-
tively. While, 60% more atrazine and 23% higher estrone was found 
in the soil with 1.5-times higher kd values. 
4. Conclusions 
In the future, enhanced evapotranspiration and increased average air 
temperature may cause drier soil conditions, which consequently re-
duces the biodegradation of atrazine and estrone in the water phase. 
On the other hand, greater transpiration rate means greater root sol-
ute uptake which may decrease the concentration of atrazine and 
estrone in the soil profile. Another consequence of future climate is 
that the infiltration and leaching rates for both atrazine and estrone 
may be higher under past climate conditions compared to the future 
climate. Reduced infiltration of trace organic compounds may indicate 
that lower trace organic concentrations in groundwater may occur 
under future climate scenarios. When uncertainty of climatic condi-
tions is considered, the impact of irrigation on the accumulation of 
atrazine and estrone could be of great importance to future water 
management strategies. 
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